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Abstract 

Inves t iga t ion  was conducted on the o p t i c a l  p rope r t i e s  

of high infrared emittance o p t i c a l  f i lns deposi ted on CdS 

solar cel ls .  Materials were se lec ted  and deposi ted by 

spu t t e r ing  and thermal evaporation. Neasurements were made 

o f  emittance and c e l l  s t a b i l i t y  i n  humid atmosphere. 
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Suitable materials were chosen f o r  dzpos i t icn  

i n  f i l m  form onto CdS s o l a r  cells, The c r i t e r i a  included 

i n f r a r e d  o p t i c a l  p roper t ies ,  and chemical and mechanical 

s t a b i l i t y ,  

S102  and MgF2. 

inves t iga t ed  as means f o r  deposi t ion of the films. 

Sputtering was found t o  be too d e l i c a t e  and too slow t o  

be feasible as a production process .  MgF2 and Si0 were 

thermally evaporated and the r e s u l t i n g  f i l m s  analyzed. 

Measurements were made of emittance of the CdS c e l l  bo th  

b a r e  and with var ious  coatings,  Cells w i t h  var ious  

coa t ings  were stored i n  a humid environment and performance 

measumd. 

w i t h  3 t o  10 microns of N g F 2  appeared most  promising. 

The materials se lec ted  w e r e  CaCO3, A1203,  

Sput te r ing  and thermal evaporat ion were 

The combination of l/3 micron cf SiO, overlayed 
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In t roduct ion  

The purpose of t h i s  program has been t o  develop and 

apply o p t i c a l  coat ings t o  CdS s o l a r  c e l l s  t o  obtain an 

increase i n  the solar powzr conversion e f f i c i e n c y  and t o  

ob ta in  a degree of pr9 tec t ion  against moisture damage. 

It i s  desired t o  maximize the amount of l i g h t  en te r ing  the 

c e l l  i n  the region of spec t r a l  s e n s i t i v i t y ,  r e f l e c t  as 

much as possible  of a l l  others,  and t o  maintain a l o w  

operat ing temperature i n  e x t r a t e r r e s t r i a l  space . These 

condi t ions are not  a l l  independent. For  example, a me ta l l i c  

surface which abso rbs  s t rongly w i l l  a l s o  be a good r e f l e c t o r  

and consequently a poor emi t te r .  The parameters f o r  the 

problem are as follows. The c e l l  responds t o  a l l  wavelengths 

l e s s  than about 1 micron. The sun i s  approximately a 

6 0 0 0 0 ~  black body. 

l i g h t  a t  normal incidence and reradiates t o  empty space. 

T h e s e  condi t ions determine the des i red  o p t i c a l  p rope r t i e s  of 

the c e l l ,  Further ,  it is  necessary that th s  appl ied coat ings 

be mechanically and chemically s t ab le  i n  terrestrial  and 

e x t r a t e r r e s t r i a l  environments. T h i s  implies tha t  the coat ing 

p r o t s c t  the c e l l  from w a t e r  vapor a t  sea l e v e l  and be stable 

It i s  assumed that the c e l l  rece ives  sun- 

under r a d i a t i o n  i n  the van Allen b e l t .  These requirements are 

r e l a t i v e l y  r e s t r i c t i v e  and l i m i t  the materials which can be 

use d ef f e  c t i v e  ly . 

2 



Optical Proper t ies  O f  C e l l  and Coating 

The main requirements f o r  the c e l l  coat ing are that it 

be t ransparent  t o  wavelengths of l i g h t  l e s s  than 1 micron and 

have high emittance f o r  wavelengths emit ted by the c e l l  a t  

I t s  steady state operating temperature. 

an index of r e f r a c t i o n  about 2.5, so  t o  reduce r e f l e c t i o n  

losses, the coating should have an index around 1.5 t o  1.6. 

The p-type l a y e r  on the C d S  c e l l  has a high in f r a red  r e f l e c -  

tance and a low emittance of about 0.2. The material sought 

f o r  the coating should have an emittance of 0.7 t o  0.8. 

The c e l l  i t s e l f  has 

A wide v a r i e t y  of materials am avai lab le  which are  

v i s i b l y  t ransparent  and have a r e f r a c t i v e  index i n  the range 

near  1.5. The property o f  high emittance narrows the f i e l d ,  

For ca l cu la t ion  purposes, i t  is assurned that  the c e l l  absorbs 

a l l  the s o l a r  r a d i a t i o n  and must reradiate 9% back t o  empty 

space. A black body under these condi t ions comes t o  a steady 

s t a t e  temperature of about 333°K. Consequently, the coating 

must have high emittance f o r  those wavelengths emit ted by a 

333°K black body. 

r a d i a t i o n  from such a source, w i t h  Figure 2 showing the 

i n e g r a t e d  curve. 

in the band between 5 and 25 microns, s o  it is  i n  t h i s  band 

that the emittance must be high. 

Figure 1 shows the s p e c t r a l  d i s t r i b u t i o n  of 

A s  can be seen, most of  the power i s  emitted. 

A compromise must be made i n  the case of ma te r i a l  i n  f i l m  

form. 

r e f l ec t ance  low, 

To obtain high emittance, the absorptance must be high and 

However, t o  reach high absorptance i n  a f i l m ,  

3 
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the absorpt ion c o e f f i c i e n t  must be high. 

m a k s  f o r  high r e f l ec t ance .  Thus, the compromise i s  t o  

have a mcldarately th i ck  f i l m  with a moderate absom+,icn 

c o e f f i c i e n t .  For emit tances  above 0.5, t h i s  implies fllns 

3 to 10 mic rons  :hick with absorption c o e f f i c i e n t s  between 

13" and l o 4  cm'l i n  the rang3 between 5 and 25 n lc ron  mw- 

Izn,th. 

This automatical ly  

2 

OFtical absorpt ion in t h i s  wave1enl;th rain:? i i i  solids 

"is assoc ia ted  with v ib ra t lons  of the i c n s  in th- 2.?ttic$ 

d:;;clt;3(J. by tne incictcmt l i g h t .  A simple Dichiur sf t h i s  i s  

found i n  ECittI2l's "Intrcduct i lm to Solid S t a t e  P h y s i c s  11 Q )  

Frsm K l t t e l ,  thz amplLtudd of v i b r a t i o n  induczct i n  3 :liztomi.c 

n ; a l t  c u l a r  chain 5 s  : 

d = dis!)lzzenent of thz ion  

A = constant  c o n t a k i n g  ion ic  mass m e  thd forc2nL 

anp 1 i tude 

w = frequc:ncy of t h e  i nc iden t  l i g h t  (f r2qix: icy '- $.,-I.; 1 

fo rc l .  anp112d) 

wo = natllral f rdqwncy of t he  I s t t i cA  

i; 
J 



whc re c = v e l c c i t y  of light 

A =  - c 
W 

The absorpt ion of tl?s incident  l j g h t  w i l l  be l a rge  when 

t h ?  induced v i b r a t i o n  Is large and s o  thc abswpt ion  will bz 

dezreasing a t  longer and shor t e r  wavzlzngthe. The high 2 1 z m p -  

t i o n  w i l l  be very la rge  a t  \ =  io, decreasing a t  longer  end 

shorfvcr wavelengths. The h igh  absorpt ion ath = A o  produces 

indtal l ic  r e f l e c t i o n  and i s  known as Restrahlen. As the 

absoyption decreases,  s o  will the  r z f l ec t ance .  The range o f  

InC,eri.st f o r  t h i s  app l i ca t ion  w i l l  b2 t ha t  on the s h o r t  wzv?lcn:th 

s ide of  thz Ezstrahlen whera the absorpt ion c o e f f i c i e n t  rangzs 

f r o m  lo3 t o  l o 4  cm-l. 

same v a r i a t i o n  of  absomt ion  715th wavzleng-di and the ma te r i z l s  

for t h l s  a p p l i c a t i c n  w i l l  be those w i t h  Restrahlen wavelengths 

beyond 20 microns and modara’cc absorbancz t o  about 5 microns. 

Figure 3 shows the absorbance and re f lec tance  spec t ra  f o r  

some of the b e t t e r  knovm candidate matzr ia l s .  The uniformity 

of cha rac t e r  shows ;xp c l e a r l y  and 31.3 nature of  the compromist? 

t o  he  made i s  e a s i l y  seen. Those m a k r i a l s  vhlch are opaque 

t3 s h o r t e r  wavelenzths also have high r e f l s c t ance  a$ s h o r t e r  

wavelength. The gap between these two regions i s  t h a t  which 

i s  t o  be f i t t z d  t o  th? spectrum of r a d i a t i o n  f r o m  the 333°K black 

body. 

Si02, LiF, MgF2, CaF2, BaF2, and A1203. 

I n  g m e r a l ,  a l l  s o l i d s  w i l l  have the 

The ma tz r i a l s  bes t  m e t i n &  t h i s  requirement are CaC03, 

6 
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ThFF P i l x  P r c p r t i e  E 

A s  noted i n  the previous discussion,  high emittance 

i s  most e a s i l y  a t t a i n e d  by a t h i c k  layer of material wi th  a 

modcrate absorpt ion coe f f i c i en t .  By the nature  of the product, 

the l a y e r  on the CdS s o l a r  c e l l  must be a t h i n  f i l m  and be 

appl ied t o  c e l l s  3 inches square. To r e t a l n  the concept of 

a lS.ght-w?ight, f l e x i b l e  c e l l ,  the coat ing should be no more 

than 10 microns th ick  and be mechanically f l e x i b l e .  To 

achieve t h i s ,  the coat ing can be deposited by sput t2r ing,  o r  

vacum evaporation, o r  painting. 

P l a s t i c s  which can be painted on o r  laminated onto the 

surface of the c e l l  generally have undesirablz i n f r a r e d  o p t i c a l  

p roper t ies .  The m G s t  promising would be the s i l i cone  r e s i n s  

which have some of the absorption c h a r a c t e r i s t i c s  of glass. 

F i l n s  o f  MgF2 and glass which are deposited by evapora- 

t i o n  and spu t t e r ing  have the desired o p t i c a l  c h a r a c t e r i s t i c s .  

However, i n  l a y e r s  over 1 micron i n  thicluzess, tha residual 

s t r e s s e s  developed during deposi t ion cause nechanical i n s t a -  

b i l i t y  i n  the form of peeling or checking of the f i l m .  While 

checking may n o t  des t roy  the o p t i c a l  p rope r t i e s ,  the usefu l -  

ness  of the f i l m  as a moisture b a r r i e r  i s  l o s t .  Previously,  

i t  has been found t h a t  1/3 micron of S i 0  evaporated cnto the 

c e l l  g rea t ly  reduced the w a t e r  vapor a t t ack .  Consequently, a 

two l a y e r  evaporated f i l m  was at tempted.  Glass o r  S i 0  was 

f l r s t  deposited t o  a thickness of 1000 t o  3000 and over t h i s  

a t h i c k  l a y e r  of MgF2 was vacuum deposited.  

a re  shown i n  the sec t ion  on measurements. 

Resul ts  f o r  t h i s  

8 



Material P rope r t i e s  

The o p t i c a l  requirements for the coa t ing  material have 

l i m i t e d  the number oaf mater ia l s  which a re  l i k e l y  candidates  

t o  seven. 

A 1 2 0 3 "  

n o t  p a r t i c u l a r l y  hard i n  the fi lm form. 

marginally usefu l .  

and does suffer damage i n  the van Allen b e l t .  This reduces 

the l i s t  t o  C a C 0 3 ,  Al2O3, Si02, and mF2. 

materials a re  highly r e f r a c t o r y  and decompose whzn heated i n  

a vacuum. In  the molten state,  they a l s o  r e a c t  w i t h  materials 

which could be used as cruc ib les .  

e i t h e r  sputtered o r  evaporated by e l e c t r o n  bzam heating,, 

Si02 and MgF2 can a l s o  be deposited i n  these ways. 

mcre, S i0  can be evaporated from most r e f r a c t o r y  metal c r u c i b l e s  

t o  form f i l m s  of SiO,. MgF2 can a l s o  be vacuum evaporated from 

most metal boats. 

These are CaC03,Si02, LiF, MgF2,CaF2, BaF2 and 

BaF2 and CaF2 a r e  s l i g h t l y  water soluble  and are 

They would be 

LiF i s  composed of r e l a t i v e l y  l i g h t  ions  

The f i rs t  two 

Thus A1203 and C a C 0 3  must be 

Further- 

A s  a consequence of the p r o p e r t i e s  discussed, the course 

of t h i s  program was t o  pursue the spu t t e r ing  of A1203 and Si02 

i n  the attempt t o  develop a process where these materials could 

be deposi ted i n  the required th ickness  i n  a reasonable t i m e  

per iod .  

t h i c k  continuous f i l m s  on to  a r e l a t i v e l y  coo l  subs t ra te  . 
Also,  MgF2 was vacuum evaporated wi th  the a i m  t o  depos i t  

Organic coa t ings  i n  the form of shee t  p l a s t i c s  and p a i n t s  

w e r e  a l s o  inves t iga ted .  The infrared absorpt ion spec t ra  of  

th3se ma te r i a l s  show strong bands which are usual ly  qui te  

narrow. The mos t  p romis ing  arz  the s i l i c o n e  r e s i n s  and coa t ings  

9 



-. of s i l i cone  varnishes.  uie i i G T K 2 .  lzm5natin.e: p l a s t i c s  

also inves t iga ted .  

Methods of Coating 
- 

Evaporation 

The prepara t ion  of t h i n  f i l m s  by the technique of vacuum 

evaporat ion i s  a standard process f o r  producing a n t i - r e f l e c t i o n  

coa t ings  on l enses  and complex mult i - layer  in te r fe rence  f i l ters .  

Most materials do n o t  evaporate and condense congruently, but 

the s impl i c i ty  of the method i t se l f  suggests t h a t  i t  be attempted 

wht?re poss ib le .  Examples of materials which can be evaporated 

are: SiO, MgF2, CaF2, and LIF. Although evaporat ion of the 

aforementionsd materials is possible ,  n o t  a l l  are achieved wi th  

the same ease nor are the r e s u l t s  f o r  each material the most 

desirable. The vacuum svaporat ion apparatus which was used 

f o r  e x p e r i m n t s  w i t h  the various materials was a Kinney High 

Vacuum Evaporator, Model SC-3. The layout  of the subs t r a t e  

holder ,  r e s i s t ance  heated boats, subs t r a t e  heater i s  shown i n  

Figure 4. Thz r e s i s t ance  heated boa ts  would be considered as 

a d i r e c t  surface source and evaporat ions are assumed t o  

take place according t o  Knudsen' s ca l cu la t ions  . The equat ion  

f o r  c a l c u l a t i o n  of thickness  of deposited f i l m s  a t  a p o i n t  

d i r e c t l y  above the source would be : 

where m = mass evaporation 

e = dens i ty  of mater ia l  

h = dis tance  from source t o  substrate 

10 
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The evaporation r a t e  can be v i t a l l y  important i n  the formation 

of o p t i c a l  f i l m s  by the vacuum evaporat ion method and v a r i e s  

from one type of material t o  another.  

said t h a t  higher  rates are more  conductive t o  good o p t i c a l  

f i l m s  w i t h  the except ion o f  S i 0  i n  which pinholes  are reduced 

by use of low depos i t ion  r a t e s .  

Generally, it can be 

S t r e s s e s  a re  formed i n  deposited f i l m s  and ind ica t ions  

a re  t h a t  a s  the f i l m  thickness increases ,  the stress a l s o  

increases .  

through the d e p o s i t  and the subs t r a t e .  

i s  the increase i n  c r y s t a l l i t e  s i ze  a3 the f i l m  grows. 

substrate temperatures general ly  produce f i l m s  w i t h  l o w e r  

r e s i d u a l  stress. Even a t  higher subs t r a t e  temperatures, s t r e s s e s  

w i l l  b2 induced due t o  expansion c o e f f i c i e n t s  d i f f e r i n g  as well 

as o ther  property d i f fe rences  of the subs t r a t e  and the material 

being depos5ted. 

accomplishzd a t  pressures  of 2 x 10-5 mm I@ on s u b s t r a t e s  a t  

room temperatures. 

i n  ths 30 t o  100 A per  second range. 

f i l m s  t h a t  mrc of any reasonable thickr-ess werz mechanically 

uns tzb le .  Generally the films would p e z l  f rom thz subs t r a t e  

t r i thoi i t  any outside influence and thDse apparent ly  adhering 

were e a s i l y  f laked of f  by a minor amount of f lex ing  of the 

subs t r a t e .  Both S i 0  and MgP2 evaporat ions were similar i n  

results when t h i c k e r  coatings ( >1.0 microns) were f a b r i c a t e d  

under the above condi t ions,  

T h i s  i s  p a r t l y  due t o  the temperatwe gradien t  

Anoth2r important f a c t o r  

Elevated 

I n i t i a l  evzporation of  S i 0  and YIP2 were 

Rates of evaporat ion were r e l a t i v e l y  l o w ,  

Almost invar iab ly  the 

12 



I n  order  t o  improve the adhesicnof the coatiug;, 2. 

subs t r a t e  heater was i n s t a l l e d  i n  the vacuum evaporator .  The 

knqerature o f  the substrate was r a i s e d  t o  approximately 60°c 

f o r  depos i t ion  experiments. A t  t h i s  temperature, with the 

o thz r  parameters remaining the same, e r r a t i c  remits were 

a l s o  obtained for depos i t s  of one micron o r  more.  Some f i l m s  

were made on which the coat ing had very good adhesion and 

o thz r s  which immediately on removal from th? chamber c o m n c e d  

flaking o f f .  Whzn thz f i l m s  that  appeared t o  have adequate 

adhesion were viewed under magnification it could be seen that  

there were s t i l l  som d i s c o n t i n u i t i e s  I n  the coat ing.  

Fur ther  improvzment i n  the adhesion of the coat ing was 

accomplished by r a i s i n g  the subs t ra te  temperature t o  270-3OO0C,  

and increas ing  the deposi t ion rate t o  250 A p e r  szcond. U s i n g  

t h i s  procedure, good adhering f i l m s  over the range from three 

t o  e i g h t  microns t h i c k  w e r e  produced. 

T a b l e  I l is ts  a number o f  evaporat ions of var ious materials 

and the results that  we,% obtained. A number of  coated c e l l s  

w e r e  s e n t  t o  NASA f o r  evaluat ion and are listed i n  Tab le  11. 

Spu t te ring -Film Dep os  it i on 

Procedures 

Film depos i t ion  by sput te r ing  i s  a well-known process  and 

has been adequately described i n  the l i t e r a t u r e  . D i e l e c t r i c  

s p u t t e r i n g  using the  R-F plasma t r iode  system was developed 

by Wehner(2) and h i s  co-workers and they have inves t iga ted  the 

process  us ing  many d i f f e r e n t  materials. T h i s  technique w a s  

13 
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C e l l  No. 

1 

2 

3 

4 

5 

170 

10 

11 

2-1 

3-3 

Table I1 

Sample Ce l l s  Delivered TO NASA 

Area 

2.3 Cm2 

2 2.3 cm 

2 2.3 cm 

2.3 cm2 

2 2.3 cm 

2.3 cm2 

2.1 cm2 

2.1 cm2 

2.1 cm2 

2.0 c m  2 

Ef f ' . (Af t e r  coating & Iamination) 

3.4$ 

3 -7;". 

3.G 

2 . q  

3.M 

30% 

2.Q 

3 .l$ 

2.7% 

2 4 %  



l r  

chosen as one approach f o r  t h i s  program because any d i e l e c t r i c  

which can be made i n t o  a suitable shape can be sput te red .  

The p a r t i c u l a r  aim w a s  t o  d e p o s i t  3 t o  10 microns t h i c k  l a y e r s  

of glass onto the CdS c e l l  a t  a rate of 0.1 to 1 micron p e r  

minute without adversely a f f e c t i n g  the c e l l .  Once the process  

was developed f o r  glass, o t k r  i n s u l a t o r s  such as alumina and 

c a l c i t e  could be studied. 

The equ ipmnt  used was fab r i ca t ed  from the CVC A S T l O O  

s p u t t e r i n g  system and the necessary R-F generator  and ampl i f ie r .  

Schematic diagrams of the apparatus a re  shown i n  Figures  5 and 6. 

I n  p r i n c i p l e ,  the sys*m si.mply couples an  R-F power source t o  

a capac i to r  formed by the t a r g e t  e l ec t rode ,  glass target and 

the plasma column. Power i s  diss ipated i n  the glass t a r g e t  

by the p o s i t i v e  ions  on c o l l i s i o n  with the glass. Most of t h i s  

power appears as Joule heating of  the glass w i t h  the remainder 

c a r r i e d  away by t h e  sput tered material. 

After a per iod of t r i a l  and e r r o r  i n  becoming acquaintsd 

w i t h  the system, glass f i l m s  w e r e  sputtered and data taken on 

performance. Tables I11 and I V  show typical r a t e  data f o r  

spu t t e r ing  of pyrex glass i n  Argon gas. Noteworthy f e a t u r e s  

are as follows: F i r s t ,  spu t t e r ing  takes  place a t  a pressure 

of about 0.5 microns of Hg where the mean f R e  pa th  i s  10 cm. 

A t a rge t -subs t ra te  spacing of  5 cm results i n  40$ of the sputtered 

ma te r i a l  being s c a t t e r e d  before reaching the subs t r a t e  . This  

i s  a s i g n i f i c a n t  improvement over two e lec t rode  diode spu t t e r ing  

whsrc the pr3ssure would be a t  l e a s t  10 microns of Hg and about 

8'73: of  the sputtered material would be s c a t t e r e d  before reaching 

the subs t r a t e .  Secofldly, the depos i t ion  r a t e  i s  qui te  low, a t  

16 
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Pressure 
Gauge 
(cl Hg) 

10.0 

3 .O 

3.0 

0.5 

0.65 

0.5 

0.65 

Table I11 

Sputtered Pyrex Coatings on Small Areas 

Net RF 
Power 
(Watts) 

200 

13 0 

175 

320 

320 

330 

317 

Target 
Electrode Deposition 

Rate 
(clbr) 

16 0.02 

16 0.1 

16 0.015 

79 0.24 

79 0.5 

79 0.38 

79 0.51 

Note; 

Argon gas ambient. 

Remarks 

Thickness from Angstrometer 

Thickness from Angstrometer 

Thickness from Angstrometer 

Thickness from Sample Weight 

Thickness from Sample Weight 

Thickness from Sample Weight 

Thickness from Sample Weight 

Pyrex crystallization dishes were used as targets. 

The samples used for the thickness determination by 

weight were approximately 2 cm x 3.5 cm. 



Table IV 

Sputtered Pyrex Coatings on Large Areas 

Pressure N e t  RF Subs t ra te  Deposition 
Gauge Power Thermometer R a t e  

(cl Hg) (Watts) ("C) (CL/hr) 

0.52 

0.53 

0.50 

0.55 

0.55 

335 

340 

400 

3 90 

320 

300 

233 

208 

234 

0.25 

0.25 

0.27 

0.27 

0.36 

Note : 

Argon gas ambient. 

Pyrex c r y s t a l l i z a t i o n  d i s h e s  were used a s  t a r g e t s ;  

Electrode a rea :  79 cm . 2 

The samples were approximately 7 cm x 3.5 cm. 

The average deposi t ion r a t e  over these l a rge r  

a rea  samples was about half  what i t  was on t h e  

smaller  samples. 
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The main advantage expected t o  be gained by spu t t e r ing  

of a d i e l e c t r i c  i s  t h a t  the composition of the deposited 

l a y e r  w i l l  be very nea r ly  t h a t  of the p a m n t  material. 

otherwords, the material should be removed and deposited 

congruently. It w a s  hoped t h a t  t h i s  would evidence i t s e l f  

i n  lower r e s i d u a l  stresses and e l imina te  pee l ing  cf the 

deposi ted f i l m .  There was no c lear -cu t  evidence t h a t  t h i s  

was the case when glass i s  sput te red  i n  Argon. F i lms  over 

1 micron t h i c k  were about as stable as those made by thermal 

evaporat ion of SiO. The addi t ion  of 44% oxygen t o  the 

spu t t e r ing  gas d i d  e l iminate  the problem of peel ing.  However, 

the spu t t e r ing  rate w a s  a l s o  reduced, as i s  shown i n  T a b l e  V. 

I n  

Spu t te r i n g - C  onclus ions  

From the da ta  gathered on the spu t t e r ing  inves t iga t ion ,  

q u a l i t a t i v e  and quan t i t a t ive  conclusions can be drawn. The 

f i r s t  i s  concerning the usefu lness  of  t he  system i t s e l f .  

For t he  purposes desired i n  t h i s  program, the system i s  

zxtremely d e l i c a t e  t o  operate. A t  the power l e v e l s  required,  

the system i s  inherent ly  unstable due t o  the negative resis- 

t i v i t y  temperature c o e f f i c i e n t  of  i n s u l a t o r s  and ca tas t rophic  

fa i lures  can r e s u l t .  Aside from t h i s ,  the mechanics of t r a n s -  

mission of power t o  the t a r g e t  a re  d i f f i c u l t  t o  c a r r y  out  ins ide  

the evacuated b e l l  jar .  

Quant i ta t ive ly ,  f r o m  the data obtained, the temperature 

of the subs t r a t e  can be pred ic ted  f r o m  a knowledge of the 

depos i t i on  rate. Our experiments gave, a t  best ,  one molecule f o r  

about  t e n  thousand e l e c t r o n  v o l t s  of energy. Recently d i s -  

c losed  findings by P. D. Davidse and L. I. Maissel ( 3 )  show a 

s i m i l a r  value f o r  s i l i c o n  dioxide. These resul ts  are somewhat 
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Table V 

Sputtered Pyrex  Coatings 

Pres sur e N e t  RF Substrate Deposition Approximate 
Gauge Power Thermometer Rate Gas Composition 
(Wg) ( Wa t t s ) ("0 (CL/hr) 

0.54 

0.54 

0.9 

0.5 

1.0 

1.0 

0.6 

0.6 

355 

3 40 

360 

3 80 

350 

360 

3 80 

3 90 

200 

232 

210 

180 

13 0 

150 

150 

170 

0.26 

0.13 

0.12 

0.24 

0.05 

0.15 

0.13 

0.10 

Az'gon (4r) 

A r  then a i r  

A i r  

A r  

02 

60% A r ,  40% O2 

80% A r ,  20% O2 

A r  

Note: 

4 t o  5 mm thick p y r e x  plate  used a s  target ;  

Electrode area: 79 cm . 2 
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su rp r i s ing  since ai atsm cf blngsten can be sput te red  w i t h  

about one thousand e l e c t r o n  v o l t s  of energy. S i l v e r  r equ i r e s  

one- f i f th  as much energy as tungsten,  Most of  the 10 KeV per  

molecule required t o  s p u t t e r  glass i s  d i s s ipa t ed  a t  the t a r g e t ,  

converted t o  hea t ,  and r a i s e s  the temperature of the t a r g e t .  

I f  it i s  assumed that  the sput te r ing  d i s t r i b u t i o n  f rom a po in t  

on the t a r g e t  fo l lows  the cosine p a t t e r n ,  then the geometrical 

f a c t o r  i n  the material co l l ec t ion  e f f i c i e n c y  of the subs t r a t e  

i s  the same as the corresponding f a c t o r  i n  the s u b s t r a t e ' s  

c o l l e c t i o n  e f f i c i e n c y  f o r  heat radiated from the face of the 

t a r g e t  . 
The co l l ec t ion  e f f i c i e n c y  of  sput te red  material pe r  

u n i t  area of the subs t r a t e  w i l l  be a f f ec t ed  by t w o  f a c t o r s .  

Ths f i rs t  f a c t o r  ( G )  i s  due t o  geometry alone. The second 

f a c t o r  i s  due t o  s c a t t e r i n g  of material molecules by ambient 

gas molecules, (Let  U represent  the f r a c t i o n  of molecules 

t r a v e l i n g  toward the subs t ra te  which are unscat tered before 

reaching the subs t r a t e . )  

geometry and gas pressure.  

T h i s  s c a t t e r i n g  is influenced by 

The f r a c t i o n  of sput te red  molecules 

co l l ec t ed  pe r  u n i t  a rea  of the subs t ra te  i s  then G times U. 

(Each of  these f a c t o r s  includes an e l l i p t i c  i n t e g r a l  of the 

space coordinates.  ) 
Target 

Area = A 

s 
Substrate  S u b s t r a k  Cooler 

Area = 

p2 I T3 
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A s s m  t ha t  the sputi%?ring h r g ~ t  x c e i v e s  energy a t  a 

rate P f rom the bombarding ions. Assum a l s o  t h a t  it must 

radiate t h i s  t o  the chamber walls a t  a temperature To and t o  

a substrate ( a s s w d  t o  have the same area A as the target) .  

A f r a c t i o n ,  G, of the power radiated from the face of the ta rge t  

i s  absorbed by a unit  area of the face of the substrate. The 

substrate, i n  turn,  radiates heat, half  of which is  absorbed by 

the substrate cooler  and a f r a c t i o n ,  AG, of which i s  absorbed 

by the faca of the target. The substrate cooler  i s  held a t  

temperature T 3  . Relat ions among 

obtainable . 
p = -2Po + 2P1 

Then P1 =: 1/2P + 

To, T1, T2, T3, and G are 

If A c T O 4  + 1/2AGP2 i s  negl igble  compared t o  P, P1 = 1/2P 

a l s o  G = 2 6 ( 2 T 2 4  - To4 - T34)/P 

R, the removal rate i n  mass per  uni t  t i m e  f o r  a given 

target  a t  a given RF power i s  PQ, w h e r e  Q i s  the number of  grams 

removed per  watt-second. The b e s t  Q we have achieved thus f a r  

i s  7.5 x gm/watt-second, a t  a power dens i ty  of 5.0 watts/cm2. 
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The dentlsjtton A- rate i s  RGU which m y  be r e w r i t t e n  
4 2QdU(2T24 - To ) in mass per  un i t  area p e r  u n i t  time o r  

r = 2Q6U(2T2 4 - T04-T3')/p i n  thickness  p e r  u n i t  time. 

T h i s  can be solved f o r  the subs t ra te  temperature. 

T2 = (l/2)'l4 (To4 + T34 + r p / Q 6 U )  1/4 

Figure 7 shows subs t ra te  temperature as a func t ion  of 

deposi t ion rate f o r  three d i f f e r e n t  values of the unscat tered 

f r a c t i o n  assuming 2.4 gm/cm 3 and To = T3 - - 290°K. P' 
Me asurame n t  s 

The p r o p e r t i e s  of f i l m s  were determined by measurement 

of thickness,  emittance,  ref lectance,  c e l l  s p e c t r a l  response, 

e f f e c t s  of humidity, dessicated a i r ,  and vacuum. 

1. Thickness 

The thickness  of  deposited f i l m s  can be masured in 

seve ra l  ways: multiple beam interferometry,  shal low f i e l d  

microscope, o r  measurement of weight ga in  a f t e r  deposi t ion.  

The shallow f i e l d  microscope was used inf requent ly  as 

the accuracy f o r  m a s u r i n g  f i l m s  l e s s  than 2-3 microns t h i c k  

i s  poor .  Subsequently, a l l  the i n i t i a l  thickness  measurements 

were accomplished by measurement of weight before and a f t e r  

deposi t ion.  These m?asurements were co r re l a t ed  w i t h  the multiple 

beam interferometer .  Agreement between the l as t  t w o  methods 

was qui te  good with the e r r o r  probably l e s s  than 150 A out of 

10,000 A .  The multiple beam interfaromter  n e c e s s i t a t e s  

depos i t ion  of an opaque, highly r e f l e c t i n g  f i l m  over the coating 

i t s e l f .  Consequently, the f i l m s  on c e l l s  were measured using 

t h e  weight gain method. T h i s  was rn0I.e than s a t i s f a c t o r y  f o r  

25 
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f o r  our purposes. 

2 . Re f l e  c tance 

One of the important f e a t u r e s  of the o p t i c a l  coat ing 

of the CdS c e l l  i s  the f i l m r s  emittance a t  9-10 microns, the 

peak i n  the r ad ian t  emittance curve of a 300°K black body. 

T h i s  emittance can be deduced f r o m  measurement of t o t a l  

re f lec tance .  The equ ipmnt  used were General E l e c t r i c  and 

Perkin-Elmer spectrophotometers. The GE u n i t ,  equipped 

w i t h  an in t eg ra t ing  sphere, is  capable of measuring t o t a l  

re f lec tance  i n  the range from .3 t o  .7 microns. The Perkin- 

Slmer spectrophotometer measured specular re f lec tance  i n  the 

range from 2.5 t o  30 microns. Since the sample sur faces  are 

no t  specular  i n  nature ,  Rayleigh sca t t e r -  i s  a major 

f a c t o r  i n  determining the func t iona l  dependence of specular 

re f lec tance  on wavelength. I n  order t o  determine the t o t a l  

re f lec tance  o f  the coating, it was necessary t o  coa t  one-half 

of the sample surface w i t h  about 1000 aluminum. The specular  

re f lec tance  of the two surfaces  were determined and tk t o t a l  

re f lec tance  was found by taking the r a t i o  of the specular  

re f lec tance  of the coating t o  the specular re f lec tance  of the 

coat ing with the aluminum overlay. 

specular  re f lec tance  of a t yp ica l  c e l l  coated w i t h  sput te red  

pyrex glass. The i n t e r f e R n c e  p a t t e r n  of the CdS on molyb- 

denum can be seen along with evidence of Rayleigh s c a t t e r i n g .  

The CdS f i l m  thickness  can a l s o  be ca lcu la ted  f rom the curve 

Figure 8 shows the 
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Thickness = N 

where N = number of maxima between V1 and V2 

p = r e f r ac t ive  ipdex 

I = inaidence angle = 13" 

v1'v2 = wave numbers of extreme maxima i n  cm-1 

thiclcness = 21 

= 30 microns 

Figure 9 i s  the re f lec tance  spectrum o f  a CdS c e l l  w i t h  an 

opaque aluminum overlay. This curve i s  a good demonstration 

of Rayleigh s c a t t e r i n g  and the e f f e c t  of p a r t i c l e  

the re f lec tance  from the surface.  

s i ze  on 

Figures 10, 11, and 12  a re  r e f l ec t ance  curves of 

th ick  c r y s t a l s  of MgF2, C a F 2  and L iF  respec t ive ly .  

tznce spec t ra  of these are all s a t i s f a c t o r y  f o r  the coating. 

A l l  except  MgF2 were discarded a f t e r  i n i t i a l  experirnsnts, 

howzver, as unstable e i the r  mchan ica l ly ,  chemically, OT i n  tk 

The r e f l e c -  

van Allen r ad ia t ion .  Figure 13 i s  a t y p i c a l  re f lec tance  curve 

of an  uncoated CdS f i l m .  

noted,  

of  evaporated aluminum i s  a l s o  en e x c e l l e n t  example of Rayleigh 

s c a t t e r i n g .  This curve as shown i n  Figure 14 comes close t o  

10% re f lec tance  a t  20-30 microns whereas i n  Figure 15, the 

r e f l ec t ance  of the MgF2 coated sample i s  s u f f i c i e n t l y  reduced. 

Comparison of Figures  1 4  and 15 w i l l  show t h a t  the coated sample 

has 8 re f lec tance  of about 3%. T h i s  would l ead  t o  an emittance 

o f  7C$ which i s  s u f f i c i e n t .  

The i n t e r f e rence  p a t t e r n  can be aga in  

The CdS f i l m  when coated w i t h  MgF2 arid an  opaque l a y e r  
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3. Emittance 

S p e c t r a l  re f lec tance  measuremnts provide an easy  

method of measuring emittance when the r e f l ec t ance  spectrum 

i s  simple i n  s t ruc tu re .  However, the presence of absorption 

and r e f l e c t i o n  bands i n  the in f r a red  complicate c a l c u l a t i o n  

of emittance a t  low temperatures. I n  t h i s  case, it i s  simpler 

t o  assembly a r a d i a t o r  from the material t o  be studied and 

measure i t s  temperature a t  a known power d i s s i p a t i o n .  An 

apparatus was assembled t o  do t h i s  and it i s  shown schematically 

i n  Figures  16 and 17. A normal b e l l  jar-vacuum set  up was 

modified as follows. The i n t e r i o r  of the b e l l  jar  and the 

b a f f l e  p la te  were coated w i t h  acetylene black t o  provide an  

isothermal  room temperature enclosure w i t h  a high emiss iv i ty .  

A f l a t  heater was made from small diameter copper magnet w i r e  

wi th  A1203 plates  bonded t o  each side of the hea ter ,  and sus- 

pended v e r t i c a l l y  i n  thz approximate cen te r  of the b e l l  jar .  

Sir,ce the r e s i s t ance  of the heater i s  propor t iona l  t o  the temp- 

e r a t u r e ,  measurement of current  and voltage i s  an  accurate 

i n d i c a t i o n  of the temperature of t he  heater and/or the sample 

surface . 
acetylene black i n  order  t o  have the same emittance and r e f l e c -  

The heater surfaces  (A1203) w e r e  blackened wi th  

tance as the i n t e r i o r  of the chamber. A t  a steady state 

condi t ion  the thermal equation of the system is: 

P P PI + Po 
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Evacuated Chamber 
(blackened interior) 

Suspension 
System / 

Baffle Plate 
(blackened) 

/ 

1 I I ] Base Plate 
1 1 

Discharge Evacuation 
Gauge Orif ice 

Figure 16 Emittance Measurement Apparatus 
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Battery 

- 
Switch 

Heater 

Figure 1v Measuring Ci rcu i t  - Power & Temperature 
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B e l l  Jar Wall 

+ P 

Heater 

P O  

.t-- 

Bell Jar Wall ( b l a c k n e d )  

To ,E ,R  

where: P = Power rad ia ted  f r o m  sample + Power r e f l e c t e d  

from sample of w a l l  r ad i a t ion  + Power r e f l e c t e d  

from sample of w a l l  r e f l e c t i o n  of  sample r ad ia t ion .  

Po = Power rad ia ted  from w a l l  + Power r e f l e c t e d  from 

wall of sample r ad ia t ion  + Power r e f l e c t e d  f ron  

w a l l  of sample r e f l e c t i o n  of wall r ad ia t ion .  

E l e c t r i c a l  power into heater  considering only 

one s ide of sample surface.  

= p1 

Evaluat ing the above produces the f o l l o w i n g  equations: 

P = E 1 6 A T  4 +%.Po' (1 + R1R + R 1  2 2  R 

Po = . E S A T o 4  + R P '  (1 + RIR + R 1  2 2  R 

+ .......) 

+ ......) 
+ RRlP '  (1 + R1R + R 1  2 2  R + .........) 

+ R1Wo1(1 + R1R + R12R2 + .......) 
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Subs t i tu t ing  i n  : 

Produces: 

1 - R1R 1 - R1R 

and allowing: 

gives:  

w h e r e :  

and 

P, 
- - 

T4 - To4 + '1 (1 - i) CT 
E = emissivi ty  of acetylene black = .93 

d -  - 5.67 x watts/cm* O K 4  

A = area of hea te r  (one side) 

TO = w a l l  temperature 

T = sample temperature 

= the emittance of the sample coat ing % 
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The emittance of acetylene black was determined by se ttiIg 

El = E i n  the above equation. 

measured f o r  emittance using the above set-up. Corre la t ion  

between publlshed values  and ca l cu la t ed  valuzs  were i n  quite 

c lose  agreement showing the v a l i d i t y  of the measurement. 

T a b l e  V I  l i s t s  some of o u r  find-s and those published f o r  

p a r t i c u l a r  materials. 

Several  coa t ing  materials were 

4. Humidity & Vacuum 

While the pr imary purpose of  t h i s  program was 

or ien ted  towards an o p t i c a l  coat ing f o r  CdS c e l l s ,  it was 

hoped that the c e l l  would be stable when exposed t o  ambient 

high humidities.  Unfortunately, t h i s  w a s  n o t  accomplished. 

A series of t e s t s  were made of c e l l s  t h a t  were coated w i t h  

MgF2 and SiO-MgF2, uncoated c e l l s ,  and c e l l s  laminated i n  a 

p l a s t i c  sandwich. 

The resul ts  were n o t  promising. Figures 18, 19, and 

20 show the rap id  degradation of a lmost  a l l  c e l l s  after ex- 

posure t o  9% RH. 

t h a t  had been laminated. After examination of the coated c e l l s  

The bes t  r e s u l t s  obtained were on the c e l l s  

under magnification and before exposure t o  high humidity, i t  

w a s  noted t h a t  the coating was discontinuous.  Uncoated, coated 

and laminated c e l l s  were a l s o  s tored  i n  vacuum f o r  observst ion 

of the c e l l  behavior over a per iod  of time. All three types 

of c e l l s  had more o r  less  the same type of s t a b i l i z a t i o n  curvs 

as can be seen i n  Figure 21. 

time versus  output, the c e l l s  w e r e  a l s o  observe6 as regard t o  

s p e c t r a l  response c h a r a c t e r i s t i c s .  T h i s  was accomplished by 

the p lac ing  of o p t i c a l  f i l ters with d i f f e r e n t  cut-off p o i n t s  

A t  the  var ious check p o i n t s  of 
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Material  Tested 

Acetylene Black 

CdS Cel l  Uncoated 

Glass 

Si l icone  Primer 

GA-SS-4044 

Aluminum 

Table V I  

AMITTANCd 

Published Values d - Calculated ~3 

-93 095 

0 22 

.86 

26 

-02 - .O4 

CdS C a l l  Coated with .26 
S i l i cone  Primer 

09 

Aluminum Coated with MgF2 22 

CdS Cel l  Coated with MgF2 0 70 

90 

003 

-15 
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between the l i g h t  source and the CdS c e l l .  This c ~ i i l 5  ?x 

considered as a se l ec t ive  s p e c t r a l  response check. N o  

p a r t i c u l a r  d i f f e rences  were noted i n  the degradation curves 

of the var ious type c e l l s  regard less  of the coat ing o r  

cover ma te r i a l  . 
Conclusions 

A s  a r e s u l t  of the work done on t h i s  program, i t  i s  

concluded t h a t  depos i t ion  of d i e l e c t r i c  f i l m s  onto CdS s o l a r  

c e l l s  by s p u t t t r i n g  i s  not  f e a s i b l e .  I n  add i t ion  t o  the 

inherent  i n s t a b i l i t i e s  i n  the systam a t  the necessary power 

l s v z l s ,  the ttmperature rise of  the subs t r a t e  c e l l  i s  in-  

t o l e rab le  a t  the required deposi t ion r a t e s .  While there  may 

be ways t o  avoid these problems, the r e s u l t i n g  complexity 

of the system would appear t o  render  it impract ical .  

The vacuum thermal evaporation of MgF2 on the  o ther  

hand i s  simple and produces f i lms  w i t h  the necessary o p t i c a l  

p rope r t i2 s .  

moisture b a r r i e r s ,  but i n  conjunction w i t h  an underlayer of 

3000 W cf S i 0  should be adequate. It i s  f e l t  t h a t  the p l a s t i c  

overlayer  w i l l  no t  provide e i t h e r  moisture p ro tec t ion  c r  a 

s u f f i c i z n t l y  highly t rni t t ing surface.  While the MgF2 f i l m s  

w 2 r ?  mechanically imperfzct, it i s  reasonable t o  expect t h a t  a 

su i t ab le  combination of depos i t ion  r a t e  and subs t r a t e  temperature 

can 2liminate t h i s  problem. 

The heavy MgF2 l a y e r s  do not  seem t o  be su i t ab le  
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